Excessive PEEP may also be associated with barotrauma and decreased cardiac output.
Although restoring FRC to normal levels may pro ve beneficial for ventilated children in respiratory failure, information on FRC is usually not available to the clinician because its bedside measurement has been impr actical due to technic al limitati ons. There are no data on "norma l" FRC values in ventilated children without lung disease when a presumed "physiologic" level of PEEP (2-4 em H 2 0 ) is applied; neither is there information on FRC in ventilated children with ARF. The only information presently available is from studies in adults (2) , prematurely born infants with respirato ry distress syndrome (6) , and animal models (7) .
In this study, we determined FRC in ventilated infants and children with acut e respirato ry failure using a newly developed bedside technique (8) . The purp ose of the study was to compare FRC results in this group with data from both intubated and non intubated groups of infants and children with normal lungs. We also wanted to assess the extent by which conventional clinical methods of PEEP adjustment result in normalization of FRC.
Fifteen children with pulm onary edema and 10 children with bilateral diffuse pneumonia requiring mechanical ventilation for ARF were studied . Their ages ranged from 3 wk to 10 y (mean 45 mo). Six children with normal lungs requiring mechan ical ventilation for CNS diseases that did not affect the respirat ory system were also studied (age 20 mo-8 y).
All children in this study had a cuffed endotracheal tub e and were ventilated using either a Siemens Servo 900C (Stockholm, Sweden) or a Sechrist constant flow ventilator (IV-100-B, Anaheim, CA) at Fi02 less than 1.0.
FRC was measured by a newly developed automated technique based on the open circuit N 2 washout (8). This technique is a bedside procedure developed specifically for ventilated infants and children and has been shown to be both accurate and very reproducible . In brief, the system consists of a second ventilator that has the same setti ngs as the patient's ventilator but delivers 100% O 2 (Fig. I) . Both ventilators are connected to the proximal end of the endotracheal tube through a slider valve that activates at FRC , when the patient is switched to the washout ventilator. The gas leaving the second ventilator via the exhalation port (where a background flow of 100% O 2 is added) passes through a mixing chamber and the N 2 concentration is then anal yzed continuously by a respiratory mass spectrometer (Airspec MGA 2200, Kent , UK ), which also measures the minute volum e of ventilation by the argon dilut ion technique (9) . A computerbased data acquisition system (Sensorm edics 2600 Pediatric Pulmonary System, Yorba Linda, CA) in line with the mass spectrometer integrates the N2 concentration signal electronicall y and pro vides a real time display of the N 2 concentration (N2 washout curve) on the monitor. The computer also controls the slider PEEP is an accepted treatment for patients with ARF secondary to restrictive lung diseases. Its effectiveness is due to increasing the FRC, which represents recruitment of otherwise closed terminal airspaces and prevention of alveolar collapse. PEEP thereby decreases ventilation-perfusion mismatching and intrapulmonary shunting. These effects result in improved oxygenation (1-3). Normalization ofFRC has been suggestedas a method for PEEP titration (4, 5) , especially when invasive hemod ynamic measurem ents for systemic oxygen transport are not being used-a common situation in ventilated children. On the other hand , a high level of PEEP may increase FRC above normal , thereby overdistending alveoli and decreasing compliance.
Patients with ARF due to restrictive lung disease had PEEP levels that ranged from 4 to 10 ern H 2 0 (mean ± SD 6.0 ± 2.0 valve and automatically calculates the FRC at the end of the washout period according to the patient's alveolar N 2 concen tration measured before the study. Whenever the minu te ventilation of the patie nt during the test was different from that used duri ng calibratio n, a correctio n factor was applied (minute ventilat ion during test divided by min ute ventilation duri ng calibration). T he system was calibrated by a syringe filled with kr-own amounts of room air attached to the slider valve. During the test, the washout period continued until alveolar Nz concentration dropped to zero (usually 40-60 s). Whenever the continuous flow on the Sechrist ventilator was relatively high with respect to the absolute amo unt of N, washed out (resulting from low patient minu te volume of ventilation , high patient FiO z , or very low FRC), the Ni concentration signal was very small because a sma ll amo unt of N 1 was being mixed with a large amo unt of washout gas. In that situation , a splitter isolation valve (model no. 8890, Boehringer Laboratories, Wynnewood , PA) was placed at the endotracheal tube end, which direc ted only the gas exhaled from the patient to the mixing chamber (8) .
The FiO z (0.35-0.65), background flow (2-4 L/min), flow rate through the mixing chamber (7-18 L'min), and FRC in this study were within the ranges tested in the validation of the meth od (8) .
In each patien t, FRC measurement s were performed at 2-cm H,O increments from a PEEP of 0 em H 2 0 to the PEEP level at which the predicted normal FRC was achieved or a PEEP of 18 em HzO (whichever occurred first). Two to four repeated measurements were done at each level of PEEP and the mean was calculated. An interval of 3-5 min was allowed between each measurement.
All measurements were obtained when the patient was in the supine position. Measured FRC values were compared with predicted normal values for height, weight, and sex according to the appr opriate age group (10-13). Whenever normal pred icted values were available only for children in the sitt ing position , the predicted values were adj usted to 70-75 % (we chose 72.5%) of the norma l predicted values for the sitting position (13) (14) (15) . T he overall predicted range of norm al values for FRC was 17.1 -25.2 mL/kg (mea n ± SEM 2 1.3 ± 0.8 mL/kg ).
The study was approved by the Committee of Clinical Research of our institution and informed consent was obtai ned on behalf of the patients in this stud y. T he patient population for this stud y was not the same as the patien t populatio n for our first study in which the technique was developed an d evaluated (8) . DISCUSSION PEEP is an accepted therapy in children with ARF that is directed toward increasing FRC and, therefore, improving gas exchange (16) . It is most useful in lung diseases that involve significant volum e loss, i.e. pulm onary edema, adult respiratory distress syndrome, and diffuse bilateral pneumonia. In these cases, it is presum ed that PEEP returns FRC toward normal. Individual FRC determination has been suggested as an integral part of the treatm ent of ventilated infants and children (17) . Several methods have been suggested for optimal PEEP titratio n based on hemodynamic and respiratory variables (1, 2, 4, 5, 16, 18-20), but there is controversy abo ut which tech nique is best. These methods are, however, invasive and are not routi nely applied to children. One of the methods suggested for PEEP titration is the normalization of FRC (1, 2, 4, 5, 18, 2 1). Th is also helps in lowering Fi0 2 , and may aid recovery by reversing the pathophysiology of the disease (22, 23) . Opti mal mechanics of the edematous lung are obtained in the PEEP range where end expiratory lung volume (FRC) is returned to normal (24). Clinicians have not been able to use this technique routinely because FRC measurements have been technically impractical in the past in ventilated infan ts and childre n on a routine and contin ual basis.
The em pirical applicatio n of PEEP in ARF due to restrictive lung disease based only on clinicaljudge ment may underestimate the volume loss of the lungs caused by the disease process, or result in the use of excessive PEEP to a point where detriment al effects on cardiac output may occur. The use of excessive PEEP may also overdistend the lungs, causing the end expiratory lung volum e to be above the normal FRC, resulting in comp romised lung mechanics (24) .
In our study, we investigated the effectiveness of using clinically chosen PEEP to normalize FRC. In all patients with ARF, at the clinically chosen level of PEEP, FRC was below predicted values. Only 28% of the patients had their FRC within an acceptable ±20% range of the predicted norm al values for age and weight. All were below the predicted FRC and in none was "ove rtreat ment" with PEEP found. Clinical judgement (at least in our pediatric intensive care unit) appeared to underestim ate significantly th e amo unt of PEEP needed to return FRC. to normal in ARF even when a PEEP of 10 em H 2 0 was applied. Reasons for this underestimation include the concern of the clinician about the harmful effects of high PEEP , especially on lung mecha nics, barotrau ma, and cardiac output. The effect on the latter is unpredictable in children and requ ires invasive SIVAN ET AL. ern H20 ; SEM 0.4). Th e ventilator settings and blood gas results are present ed in Tab le I. FRC measured at physiologic PEEP was 4.7-19.8 mL/ kg (mean ± SEM 11.9 ± 0.7 mL/ kg), i.e. 12-80% (mea n ± SEM 45.0 ± 3.6%) lower than norm al predicted FRC values (p < 0.000 1, paired t test) (Fig. 2) . FRC measured at the clinically chosen PEEP level was 6.2-22.5 mL/kg (mean ± SEM 14.4 ± 0.8 mL/ kg), i.e. below normal pred icted values by 0-73 % (mean ± SEM 31.8 ± 3.9%) using the formula: 100
x (predicted FRC -measured FRC)/predicted FRC (p =0.000 I, paired t test) (Fig. 3) . Seven (28%) of the childre n and infants had an FRC within 20% below the predicted normal value. Four (i.e. 16% of the total) were within 10% below the predicted normal value. The PEEP level at which FRC normalized ranged from 6 to 18 cm H 2 0 (mean 11.6 em H 2 0 , SEM 0.8). Th is PEEP level was higher (p = 0.000 1, paired t test) by 0-12 cm H20 (mean 5.5 em H 2 0 ) than the clinically chosen PEEP level (i.e. 0-200% higher; mean 104%) (Fig. 4) .
In the six patients without lung disease, the PEEP administered was 2-4 em H 20 (i. e. physiologic PEEP). In two of these patients, the measured FRC was close to the predicted norm al values (0 and I 1% higher than predicted, respectively), and above norma l in four (67%) by a mea n of 45% (range 39-52%). In the latt er, FRC norm alized only when PEEP was reduced to zero . monit oring techniques for assessment. However, it can be easily controlled with intravascular volume expansion and cardiac inotropic drugs ( 18, 2 1,25) . Th e former concerns of barotrauma a nd worsening lung mechanics due to overdistention are less justified according to our results and also those of Richardson et al. (6) , who also measured FRC in a group of ventilated preterm infants with neonatal respiratory distress syndrome and found th at in only a minority (20%) of the patients was the FRC within 1 SO of the normal range. In tha t series, the mean PEEP level was low (4.4 ern H 2 0 ), and in about 20% of the patient s who had only minimal lung disease the FRC was above normal. When comparing the measured FRC values with predicted nor mal values, we used data from nonventilated children because normal data for ventilated children do not exist. Th e pub lished norm al data for FRC in small children were mostly obtained using methods different from ours. We preferr ed the values of Gerhardt et al. (12) because they were obtained by the same N 2 washout technique. However, because their normal values were obtained mainly in infants unde r 2 y of age with only a small sample for the 2-5 y age range, we used also other references: Taussig et al. (13) for children under 6 y; and Polgar SIVAN 
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Fi g. 4 . T he change in PE EP level be tween th e cli ni ca lly chose n PE EP a nd PE EP of F RC normaliza tio n in ac u te rest rict ive lun g di sease ( p = 0.000 I , paired I test ).
and Promadhat (10) and Zapletal (11) for children over 6 y. The se references used the helium diluti on technique to measure FRC However, because the data obtained by Taussig et al. ( 13) for children over 3 y of age and the data from Polgar and Promadhat (10) and Zapletal (11) were obtained in the sitting position , we adjusted those normal values to supin e body position according to the finding that supine FRC is lower than sitting FRC by 25-30 % in healthy children (13-15) (we chose 27.5 mL/kg). Compared to these references, the FRC in our patients with norm al lungs were at or above norm al predicted values for age, implying that the low FRC in the patient with respiratory failure could not be attributed to body position . It has been suggested that PEEP is requi red to maint ain FRC in newborn infant s (26) . Th e data presented by Berman et af. (26) show that for term and preterm infants recovering from restrictive lung diseases, FRC at physiologic PEEP was 32 mL/kg (by helium diluti on). Other studies using the helium dilution technique showed lower results for norm al newborn infants: Ronchetti et al. (27) , 20.5 mL/ kg; and Taussig et al. (13) , 15.2-23.7, mL/kg. It is hard to explain Berman et af. 's finding (26) that FRC at physiologic PEEP was higher in patients with lung disease. In comparison, Gerhardt et al., ( 12) using an open circuit N2 washout technique similar to ours, found the FRC to be 16.2 mL/kg for newborn s. It could be that the sick patients in the Berm an et al. study were tachypneic post extubation . Thus, inspiration started before the patients were back to FRC, resulting in air trapping.
Th e six patients with normal lungs in our study were 6-mo-to 8-y-old. It may indeed be that the highly compliant chest wall in newborns and small infant s requires PEEP to maintain FRC at this age group (FRC falls even further in these patients during rapid-eye-movement sleep), whereas in older patients the relatively rigid rib cage pulls the lung outward and maintains normal FRC Thi s explanation needs to be tested in a futu re study because physiologic PEEP in norm al children has never been tested and is only assum ed to be 2-4 cm H 2 0 .
We conclude that conventional meth ods of PEEP selection for infants and children with acute restrictive lun g disease in our pediatri c intensive care unit rarely result in normali zation of the FRC We believe our practices in PEEP selection differ little from those in other pediatric intensive care unit s in North America. Because a wide variety of FRC values can be expected
